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lsevier1. Introduction
In the recent past, membrane processes gradually have found
their way into industrial applications and serve as viable alter-
natives for more traditional processes like distillation, evapora-
tion or extraction. Different membranes are categorized and
they are used for different purpose of separation process,
depending on their physical and chemical properties (Lhassani
et al., 2001). Among membranes, Nanoﬁltration (NF) mem-
brane is characterized by its surface charge and Nano pore size
(Szymczyk et al., 2003). NF membrane shows high efﬁciency
with a reasonable water ﬂux at relatively low pressures, there-
fore Nanoﬁltration (NF) membranes are used in a wide range
of drinking water, wastewater, (Al-Soﬁ, 2001) and industrial
applications (Van der Bruggen and Vandecasteele, 2003).
Nanoﬁltration (NF) membranes can retain multivalent ions
(e.g., calcium, magnesium, aluminum, sulfates) (Bowen et al.,
Table 1 Solutions containing different wt.% of PS and
PPEES.
Membrane
code
Wt.% composition
(PS)
Wt.% composition
(PPEES)
M1 90 10
M2 80 20
M3 70 30
M4 60 40
Table 2 Water uptake results of newly synthesized NF
membranes with nonwoven support.
Membrane code Water up-take
M1 45%
M2 57%
M3 68%
M4 72%
320 C. Hegde et al.1997) and non-ionized organic compounds with a molar mass
exceeding about 300 g/mol. Hence it shows potential applica-
tions such as selective demineralization (for water softening)
(Schaep et al., 1998) and concentration of organic compounds
with low molar mass. As a consequence, scientists and industri-
alists nowadays feel more conﬁdent about what can be expected
from a NFmembrane, and more and more applications proved
to be successful including water treatment, wastewater and
desalination of dyestuffs, acid and caustic recovery and color
removal (Zhijuan et al., 2006). In this study polysulfone based
novel NF membranes were synthesized and their characteriza-
tions were made based on Tg, proton conductivity and ﬂux
rejection study. Above mentioned performance study gave a
number of conclusions which are very helpful in this further
research.
It is a well known fact that membrane ﬁltration technology
was greatly limited by membrane fouling. Membrane fouling
phenomenon increases operation and maintenance costs by
deteriorating membrane performances (ﬂux decline vs. time,
zeta potential changing during time, etc.) and eventually short-
ening membrane life (Ahmed and Robert, 2007). Hence it is
sensible to use nonwoven porous support which generally has
the superior dirt holding capacity and does not have a much
wider pore size distribution. Such quality along with reinforce-
ment of mechanical strength to the membranes gives better per-
formance with decreased fouling (Violleau et al., 2005).
2. Experimental
2.1. Materials and instruments
Polysulfone having molecular weight of 35,000 PS, poly(1,4-
phenylene ether ether-sulfone), PPEES were obtained from Sig-
ma Aldrich in the form of semitransparent beads. Reagent
grade N-methyl pyrrolidone, NMP was obtained from
Merck-India and was used without any further puriﬁcation.
Non woven support, was from K.C.270 Cranemat KC & SC
made up of polypropylene. All analytical grade chemical re-
agents used in the experiment were purchased fromMerck India
Ltd. Glucose, sucrose and polyethylene glycols (PEGs 600, 800,
1000 Da) for theMWCO test were measured using CL 157 Col-
orimeter. IR spectra were recorded using Nicolet Avatar 5700
FTIR (Thermo Corporation) spectrometer. Impedance study
was done using ACM Instruments, England. SEM images of
the cross section of the newly prepared membranes were re-
corded on Jeol JSM-84. DSC study was carried out on a Shima-
dzu DSC 60 instrument, Japan. The permeation experiments
were performed by a self fabricated salinity checking apparatus
with membrane disk which has an effective area of 6.5 cm2. The
deionized water used for preparation of the salt solutions was
obtained through demineralization using ion exchange followed
by reverse osmosis. Surface roughness was determined using
Atomic Force Microscopy (Nanosurf, EasyScan2).
2.2. Membrane synthesis
Solutions containing different wt.% of PS and PPEES
(Table 1) in 4.5 ml of 1-methyl-2-pyrrolidone (NMP) were
prepared by mild stirring for one day at constant temperature
of 75 C. So obtained viscous solution was casted over non
woven support (K.C.270) using K-Control coater. Castedmembrane was again heat-treated for 45 s at 220 C, then
washed thoroughly with deionized water and immersed in
de-ionized water for 24 h (Chitrakara et al., 2011).
2.3. Water up take
The swelling characteristics were determined by water uptake
measurements. The membrane samples were ﬁrst immersed
in deionized water until there was no weight difference in the
membrane. Further wet membrane then blotted to dry to
remove surface droplets was quickly weighed. The wet mem-
branes were vacuum dried at 80–100 C and weighted again.
The water uptake of the membranes was calculated by weight
gain of absorbed water with reference to the dry membrane
and reported as weight percent water absorption. The water
uptake can be calculated as follows (Chitrakar et al., 2009).
Water uptake ¼ mwet mdry=mdry
where mwet is the weight of wet membrane and mdry is the
weight of dry membrane. The result of the same has been pre-
sented in Table 2. These observed water uptakes are much
more than our earlier work (Chitrakar et al., 2009).
2.4. Permeation experiment
Salts with different valence distribution are used for NF mem-
brane experiments to investigate membrane properties. The
permeability of pure water through this NF membrane was
also measured. Flux, F (l/m2 h), was calculated as Eq. (1):
F ¼ W=At ð1Þ
whereW (l) is the total volume of the water or solution perme-
ated during the experiment, A (m2) is the membrane area, and t
(h) is the operation time. Rejection, R, is calculated as Eq. (2):
R ¼ ð1 concentrate permeates=concentrate feedÞ ð2Þ
Schematic diagram of lab scale ﬁltration set up is shown in
Fig. 1. The feed was taken from the feed tank and was pumped
into the module. The pressure difference between the feed inlet
and the outlet during operation was adjusted from 1 to 14 Bar.
Figure 1 Schematic representation of the self made salinity
checking unit.
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and a gauged cylinder where as rejection (%) was studied by
conductivity measurements (Toshinori et al., 2010).
2.5. Membrane hydraulic resistance (Rh)
To determine the Membrane hydraulic resistance (Rh), the
pure water ﬂux of the membrane was measured at different
transmembrane pressure (DP). The variation of pure water ﬂux
was plotted as a function of transmembrane pressure for all the
prepared membranes. Membrane hydraulic resistance (Rm)
was determined from the inverse of slopes, using following
equation (Abdoul et al., 2007).
Rh ¼ DP=F; where F ¼ pure water flux ðl=m2hÞ ð3ÞFigure 2 Pure water ﬂux at different pressure (bar).2.6. Molecular weight cut-off (MWCO)
Molecular weight cut-off or MWCO refers to the lowest
molecular weight solute (in Daltons) in which 90% of the sol-
ute is retained by the membrane or the molecular weight of the
molecule (e.g., globular protein) that is 90% retained by the
membrane. To determine the MWCO for the resultant mem-
brane, solutes with molecular weight range of 180–1000 Da
were chosen, namely glucose, sucrose and polyethylene glycols
(PEGs 600, 800, 1000 Da) at a concentration of 1000 mg/L.
The rejection was obtained according to Eq. (2) (Ruihua
et al., 2009).
2.7. Structural characterization
Surface analysis can be done with different tools, each one
with its own speciﬁcity with regard to the conditions of use
and to the information it provides. In our study, we usedscanning electron microscope (SEM) and an atomic force
microscope (AFM). The membrane was cryogenically frac-
tured in liquid nitrogen and then sputtered with gold. SEM
provides information on surface porosity and layer thickness.
To prepare samples for AFM, the membranes were dried in
vacuum at room temperature. The membranes were taken
out of water and air-dried and they were ready for AFM
observation. AFM Imaging was performed in tapping mode
with resonant frequency of 200–400 kHz, nominal tip radius
of 5–10 nm. Atomic force microscopy (AFM) provides surface
RMS roughness (Chitrakar et al., 2009, 2011).
2.8. DSC analysis
Differential-scanning calorimetry is a thermodynamic tech-
nique widely used for studying thermal characteristics of the
membrane. The ability to monitor phase transitions in poly-
meric membrane has not only provided data on thermody-
namic stability for these important molecules, but also made
it possible to examine the details of unfolding processes and
to analyze the characteristics of intermediate states involved
in the melting of membrane polymers. It is well known that
PS has a high melting point and hydrophobic. A DSC-60 Shi-
madzu calorimeter was used to analyze the thermal behavior
of differently processed membranes, with the heating rate of
15 C /min up to 300 C. DSC curve of the resultant mem-
branes were studied with increase in temperature at the rate
of 10 C/min. Each sample was subjected to several heating/
cooling cycles to obtain reproducible Tg values. The initial on-
set of the change midpoint of slope in the DSC curve is taken
to be the Tg (Helen et al., 2007; Sturtevant, 1996).
3. Results and discussion
3.1. Pure water permeability
At different pressure (bar), ﬂux for pure water is shown in
Fig. 2. The plot depicts a linear relationship between the pure
water ﬂux and transmembrane pressure. It is seen that there is
a slow and steady increase of pure water ﬂux with respect to
decrease in PS wt.%. This is due to the fact that PPEES leads
predominantly to swelling rather than leaching out from the
membrane-forming system. Consequently, the ﬂow path in
Figure 3 Performance of membrane M4 with operating pressure.
Figure 4 Performance of membrane M3 with operating pressure.
Figure 5 Performance of membrane M2 with operating pressure.
Figure 6 Performance of membrane M1 with operating pressure.
322 C. Hegde et al.the membrane was reduced and hence the increase in the ﬂux
was not steep. Flux values of M1 and M2 further reinforces
above explanation (Ruihua et al., 2009).
3.2. Membrane hydraulic resistance (Rm)
Membrane hydraulic resistance was calculated from the in-
verse of slopes of the corresponding water ﬂux versus pressure
lines and is shown in Table 3. It is evident from these values
that as the concentration of PS increases in the blend system,
the Rm decreases. This can be explained by the fact that PS
is relatively more hydrophobic in nature whereas increase in
PPEES leads to the formation of pores, which in turn increases
the ﬂux thereby decrease in membrane resistance (Sivakumar
et al., 2000). The values of the same have been represented
in Table 3.
3.3. Effect of operating pressure on membrane performance
To illustrate the effect of operating pressure on newly synthe-
sized membrane, the feed concentration (NaCl) was ﬁxed at1000 mg/L. Water ﬂux across the membrane increases in direct
relationship with increase in feed water pressure but the rejec-
tion of salts by the NF membrane is more complicated as it is
depends on both molecular size and Donnan exclusion effects
(Szymczyk et al., 2003), it is well understood that solute (NaCl)
is hydrophilic in nature where as membrane as a whole is
hydrophobic. This hydrophobic interaction makes minimum
passage for salt, thus as shown in Figs. 3–6 increased feed
water pressure increases salt rejection but, to a lower extent
than water ﬂux. Because NF membranes are imperfect barriers
to dissolved salts in feed water, there is always some salt pas-
sage through the membrane. As feed water pressure is in-
creased, this salt passage is increasingly overcome as water is
pushed through the membrane at a faster rate than salt can
be transported. However, there is an upper limit to the amount
of salt that can be excluded via increasing feed water pressure.
As the plateau in the salt rejection curve (Figs. 3–6) indicates,
Table 6 Effect of the salt solution on membrane performance
at operating conditions 12 Bar.
Salt conc., 2000 mg/L Flux, L/m2/h %R
MgCl2 35 55
MgSO4 43 43
Na2SO4 39 40
K2SO4 42 33
KCl 39 38.5
CaCl2 43 60
NaCl 31 45
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and some salt ﬂow remains coupled with water ﬂowing
through the membrane.
3.4. Effect of feed concentration on membrane performance
To describe the effect of feed concentration on membranes,
MgCl2 and NaCl solutions with different concentration were
used. The results are shown in Tables 4 and 5 respectively.
Both the rejection and ﬂux decrease with an increase in feedTable 3 Hydraulic resistance of the different membranes.
Membrane code Hydraulic membrane
resistance (Rm), m
2 h/L
M1 1.45
M2 1.36
M3 1.27
M4 1.19
Table 4 Effect of feed concentration on membrane perfor-
mance at operating conditions 12 Bar.
Membrane
code
MgCl2 feed
concentration, mg/L
Flux,
L/m2/h
%R
M1 1000 46 68
2000 37 51
3000 30 44
M2 1000 50 65
2000 35 58
3000 29 51
M3 1000 42 62
2000 39 59
3000 28 48
M4 1000 40 60
2000 37 52
3000 29 47
Table 5 Effect of feed concentration on membrane perfor-
mance at operating conditions 12 Bar.
Membrane
code
NaCl feed
concentration, mg/L
Flux,
L/m2/h
%R
M1 1000 47 67
2000 33 57
3000 29 41
M2 1000 46 60.2
2000 32 56
3000 27 35
M3 1000 38 57
2000 37 54
3000 25 46
M4 1000 35 55
2000 40 50
3000 28 43concentration, especially the NaCl solution. As the feed
concentration increases, the repulsion effect of the charged
membrane on the ions in feed decreases, leading to a lower
rejection; meanwhile the double electrical layer near to mem-
brane surface became thicker, thus the ﬂux decreased
(Petersen, 1993).
3.5. Effect of the salt solution on membrane performance
The average rejection and ﬂux of different synthesized mem-
branes (M1, M2, M3 and M4) for salt solutions are listed in
Table 6. The rejection order is CaCl2 >MgCl2 >MgSO4 >
NaCl > KCl > Na2SO4 > K2SO4. For CaCl2 >MgCl2 >
NaCl > KCl and MgSO4 > Na2SO4 > K2SO4, correspond-
ing to the increasing order of the cation charge densities, be-
cause the active layer has quaternary ammonium groups
contribution and has a stronger repulsion to Mg2+ and
Ca2+ than Na+ and K+, Mg2+ and Ca2+ are rejected easily.
However, for MgSO4 > NaCl, it may be speculated that the
repulsion force on cation is much stronger than the attraction
one on anion.
3.6. MWCO of membrane
The curve for the rejection for the model organic solutions
against molecular weight is shown in Fig. 7. The MWCO
was the molecular weight of organic substance with a rejection
of 90%. The MWCO of the all resultant membrane lies
approximately between 900 Da to 910 Da.200 400 600 800 1000
20
30
40
50
60
70
80
90
100
110
%
 R
EJ
EC
TI
O
N
MOLECULAR WEIGHT OF THE SUBSTANCE (Da )
Figure 7 MWCO curve for newly synthesized NF membrane.
Figure 8 AFM surface roughness image of membrane M1.
Figure 9 AFM surface roughness image of membrane M4.
Figure 10 SEM surface image of the membrane M4.
Figure 11 SEM surface image of the membrane M1.
Figure 12 SEM cross section image of the membrane M4.
Figure 13 SEM cross section image of the membrane M1.
324 C. Hegde et al.3.7. Morphology of membrane
Tapping mode AFM images give information related to surface
features of the membranes. Figs. 8 and 9 show the surface
Figure 14 DSC curve of the membranes.
Table 7 Tg values of the membranes.
Membrane code Tg (C)
M1 223
M2 213
M3 203
M4 200
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membrane containing 90 wt.% of PS shows almost smooth
and less intense crater and valley (Fig. 8) with reduced surface
roughness rather than more surface roughness as like in M4
(Fig 9). This reduction in roughness of membrane clearly af-
ﬁrmed that PPEES incorporated well with PS matrix. Such a
membrane matrix may give smooth electrical connectivity lead-
ing to better ionic conductivity. This explanation matches with
our proton conductivity data (Pramod et al., 2010). Figs. 10
and 11 show the surface SEM pictures of membranes M4 and
M1 respectively. The cross-section image of the composite
membrane in Figs. 12 and 13 clearly shows that there is a thin
selective layer on a ﬁnger-like ‘micro voids’ support layer sug-
gesting the composite structure of this membrane. Meanwhile,
the surface picture (Figs. 10 and 11) gives an overall view of
pore size and pore distribution from SEM image, it is certain
that the spongy layer provides the sustained structure that
could support high pressure. The porous ﬁnger-like layer allows
transporting the permeated solvent (Blanco et al., 2006).
3.8. DSC analysis
Fig. 14 shows the thermograms of DSC measurement of the
membranes. The Tg values of the M1, M2, M3, M4 mem-
branes are 223, 213, 203, 200 C, respectively. The relationship
between Tg and the composition of blended membranes de-
pends upon percentage of poly sulfone, lower PS composite
membrane shows Tg range from 200 C to 203 C whereas
higher PS composition show Tg range from 213 C to
223 C. Table 8 shows the Tg values of the synthesized mem-
branes. Results were summarized in Table 7.4. Conclusion
The result shows newly synthesized NF membrane has better
salt rejection performance capacity than our previous work on
NF membrane without nonwoven porous support. Increased
performance of membrane conﬁrms that supporting material
(K.C.270) helps inminimizingmembrane fouling. Presentmem-
brane shows increased rejection percentage for divalent cation
than monovalent cation. Noticeable increase in the water
uptake was observed, which play vital role in proton hoping
to exhibit proton conductivity. Interestingly it was observed
that, increase in polysulfone concentration increases Tg value
whereas increase in PPEES content increases number of pores.Acknowledgments
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